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The Anti-inflammatory Mechanism of Heme Oxygenase-1
Induced by Hemin in Primary Rat Alveolar Macrophages

Chen Hualin,' Xu Wenli,' Liu Dapeng,' Li Xijing,” Pan Xiuhua,” and Pang Qingfeng®”

Abstract—Alveolar macrophages (AMs) can initiate lung inflammation by producing pro-inflam-
matory cytokines and chemokines, but they participate actively in the prevention of inflammation
during acute lung injury (ALI). Heme oxygenase-1 (HO-1) is mainly expressed in AMs and has
anti-inflammatory properties in ALI, but the anti-inflammatory mechanisms of HO-1 are largely
unknown. In this study, AMs were treated with saline, LPS (1 pg/ml), hemin (10 uM), zinc prot-
oporphyrin (ZnPP; 10 uM, 1 h prior to LPS and hemin), SB203580 (10 uM, 1 h prior to LPS and
hemin), or their combination up to 24 h. The specific HO-1 inhibitor ZnPP and SB203580 were
used to inhibit the effects of HO-1 and the phosphorylated p38 mitogen-activated protein kinase
(MAPK), respectively. The protein levels of HO-1 and p38 MAPK were analyzed by western
blotting; arginase activity was measured in lysates obtained from cultured cells; nitric oxide prod-
uction in the extracellular medium of AMs cultured for 24 h was monitored by assessing nitrite
levels; the phagocytic ability of macrophage was measured by neutral red uptake. IL-10 of culture
supernatants in AMs was determined by enzyme-linked immunosorbent assay. The results indicated
that HO-1 induced by hemin increased arginase activity and phagocytic ability and decreased iNOS
activity via p38 MAPK pathway in primary rat AMs. These changes and p38 MAPK may be the

anti-inflammatory mechanism of HO-1 induced by hemin in primary rat AMs.
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INTRODUCTION

Alveolar macrophages (AMs) have pro-inflamma-
tory and anti-inflammatory effect during acute lung
injury (ALI). In the acute phase of ALI, AMs often
release different kinds of pro-inflammatory cytokines,
such as IL-1f3, IL-8, GM-CSF, and TNF-«, etc. [1].
However, during the later period of ALI, AMs play
important roles in preventing inflammation and repairing
injury tissue by increasing anti-inflammatory cytokines
(such as IL-1ra, IL-10) secretion and phagocytizing
neutrophils [2, 3]. The mechanism of anti-inflammation
in AMs is largely unknown. If the mechanism of the
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protective effect of AMs is uncovered, we can manip-
ulate the uncontrolled inflammation during ALI.

Destruction of the alveolar—capillary barrier is a
common characteristic for many types of lung injury.
Red blood cells may leak into the alveolar spaces and
closely contact with AMs. After being retained for
certain periods, the red blood cells are destroyed,
releasing a large amount of hemin. In previous study,
we showed that heme oxygenase-1 (HO-1) exerted a
protective effect against lung injury after erythrocyte
instillation [4], but the protective effect and mechanisms
of HO-1 are yet unknown.

It has been well known that HO-1 protects macro-
phages against apoptosis, inflammation, and oxidative
stress [5, 6]. Many studies indicated that HO-1 attenu-
ated pulmonary inflammation and had beneficial effects
in ALI and sepsis [7, 8]. In this research, we tested the
hypothesis that hemin could induce expression of HO-1,
which in turn could inhibit iNOS and NO production,
increasing arginase activity and enhancing phagocytic
ability of AMs stimulated with the lipopolysaccharide
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(LPS). Although several signaling pathways are activat-
ed by hemin in AMs, we focused on p38 mitogen-
activated protein kinase (MAPK) to determine whether
the effect of hemin on LPS-stimulated AMs is mediated
through the p38 MAPK signaling pathway. We also
studied the possible roles of hemin on IL-10 production.

MATERIALS AND METHODS

Reagents

The following reagents were purchased from the
indicated sources: LPS, hemin, zinc protoporphyrin IX
(ZnPP), 3-NADPH, urea, L-arginine, and o-isonitroso-
propiophenone (Sigma-Aldrich, St. Louis, USA);
Dulbecco’s minimum essential medium (DMEM) low
glucose (Invitrogen, Canada); SB203580 (Promega,
American); HO-1 rabbit polyclonal primary antibody
(1:1,000 dilution; Millipore, USA); phosphorylated p38
rabbit polyclonal primary antibody (1:750 dilution;
Signalway Antibody Co., Ltd., USA); AP-conjugated
goat antirabbit or antimouse secondary antibodies (Santa
Cruz Biotechnology, CA); and BCIP/NBT Alkaline
Phosphatase Color Development Kit (Beyotime Institute
of Biotechnology, China).

Alveolar Macrophage Culture

Animal experiments were started after 1 week of
acclimation and were performed in accordance with
institutional guidelines. AMs were harvested from rats
(males, 280~310 g) as previously described [9] and
modified. Briefly, animals were euthanized with 120 mg/
kg of intraperitoneal pentobarbital. A 14-gauge angio-
catheter was inserted into the trachea through a midline
neck incision and secured with a 4-0 braided silk suture.
A median sternotomy was performed, and the heart—lung
block was rapidly excised. Intratracheal lavage of the
lungs was performed three times instilling 5-ml aliquots
of cold phosphate-buffered saline (PBS). This process
yielded a 90% lavage recovery. Collected lavage fluid
was centrifuged at 1,000xg for 5 min and the cell pellet
was resuspended in low-glucose DMEM containing
10% fetal bovine serum, 25 mM N-(2-hydroxyethyl)
piperazine-N-2-ethanesulfonic acid, 100 U/ml penicillin,
and 100 pg/ml streptomycin. Cells counts and viability
were assessed by trypan blue exclusion methods, and
DMEM added until a density of 200,000 cells/ml was
reached. Then, cells suspension was inoculated to the
six-well plates or 24-well plates and 96-well plates
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according to experiment plan. Cells were cultured at
37°C in a 5% CO, humidified incubator for 2 h.
Nonadherent cells were removed by gentle agitation.
After cultured 24 h, AMs were washed with PBS and
stimulated with LPS (1 pg/ml), hemin (10 uM), ZnPP
(10 uM), and SB203580 (I uM) or united.

Preparation of Hemin and ZnPP

Both hemin and ZnPP were dissolved in 0.2 N
NaOH, adjusted to physiological pH 7.4 with 1 N HCI,
aliquoted in dark brown tubes, and frozen at —80°C.

Western Blotting

AMs were lysed in RIPA lysis buffer containing
50 mM Tris (pH 7.4), 150 mM NacCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, sodium orthova-
nadate, sodium fluoride, EDTA, leupeptin, and 1 mM
PMSEF. Cells were scraped from the plates and sonicated
for 30 s. Protein measurements were performed using
the BCA protein assay and equal amounts of protein
(40 pg) were loaded per lane on 12% SDS-PAGE.
Protein was transferred to NC membranes (PALL) and
blocked 3 h at room temperature with confining liquid,
and then incubated overnight in the appropriate rabbit
polyclonal primary antibody against phosphorylated p38
MAPK (1:750 dilution), HO-1 (1:1,000 dilution), or
mouse polyclonal primary antibody against actin, re-
spectively. After incubated with primary antibody, the
membranes were washed in TBST. Then AP-conjugated
goat antirabbit or antimouse secondary antibodies were
used at 1:500 dilution. Western blot was developed
using BCIP/NBT alkaline phosphatase color develop-
ment kit, and proteins were visualized.

Nitric Oxide Production

Nitric oxide (NO) production in the extracellular
medium of AMs cultured for 24 h was monitored by
assessing nitrite levels using NO test kits (Nanjing
Jiancheng Bioengineering Institute, China).

Arginase Activity

Arginase activity was measured in lysates obtained
from cultured cells as described [10]. At 24 h after
stimulation, AMs (about 5x10° cells) were lysed with
80 pl Triton X-100 (0.1%). After 30 min, arginase was
activated by adding 100 pl Tris—HCI (25 mM) and 35 ul
MnCl, (10 mM), and incubating for 10 min at 56°C. L-
Arginine hydrolysis was conducted by incubating cell
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lysates with 100 pl L-arginine (0.5 M, pH 9.7) at 37°C
for 1 h. The reaction was stopped with 800 pl H,SO4
(96%)/H;PO4 (85%)/H,O (1:3:7). The produced urea
was quantified at 540 nm after addition of 40 ul «-
isonitrosopropiophenone (9%, dissolved in 100%
ethanol), followed by heating at 100°C for 20 min.
One unit of enzyme is defined as the amount that
catalyzes the formation of 1 pmol urea/min.

Phagocytic Assay

The phagocytic ability of macrophage was mea-
sured by neutral red uptake which was described by
Chen [11]. AMs were cultured with LPS (1 pg/ml),
hemin (10 uM), ZnPP (10 uM), and SB203580 (1 uM)
or united for 24 h. After extracellular medium were
moved, cells were rinsed with PBS. Two hundred
microliters neutral red solutions (dissolved in 10 mM
PBS with the concentration of 0.09%) was added and
incubated for 3 h. The supernatant was discarded, and
cells in 96-well plates were washed twice with PBS to
remove the neutral red that was not phagocytized by
AMs. Then cell lysate (ethanol and 0.01% acetic acid at
the ratio of 1:1, 200 ul/well) was added to lyse cells.
After AMs were incubated in 4°C overnight, the optical
density at 540 nm was measured by a microplate reader.
OD values represent phagocytic ability.

IL-10 Assays

The concentration of IL-10 was measured in super-
natants obtained from six-well culture plates using a
standard sandwich ELISA following the manufacturer’s
protocols (Wuhan Boster Biological Technology, China).

Statistical Analysis

Results were expressed as y == SD and compared
using SPSS 13.0. Data were compared by one-way
analysis of variance among groups followed by the
Student-Neuman—Keul test for post hoc comparisons.
Differences were determined to be statistically signifi-
cant when P<0.05 was attained.

RESULTS

HO-1 Protein Levels Induced by Hemin in Rat AMs

To examine the effect of Hemin on HO-1 in AMs,
we determined HO-1 protein levels in rat AMs. As
shown in Fig. 1, hemin increased HO-1 protein
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Fig. 1. Different HO-1 expression levels in AMs. AMs were stimu-
lated for 24 h with saline, LPS (1 pg/ml), hemin (10 uM), or their
combination, as indicated. Cell lysates were collected and were elect-
rophoresed, transferred to nitrocellulose membrane, and probed for
HO-1 or f3-actin (as internal control) expression. a Representative ba-
nding from triplicate experiments was offered. b Densitometric anal-
ysis for levels of HO-1 protein relative to (3-actin are presented as
% £ SD. n=3. *P<0.05 versus LPS group, #P<0.05 versus the hemin

group.

expression in rat AMs (P<0.05 versus LPS group), the
combination of hemin and LPS further increased HO-1
protein expression levels (P<0.05 versus LPS group).
Next we would test the functional changes of rat AMs
with overexpression of HO-1.

The Changes of NO Production, Arginase Activity,
and Phagocytic Ability in Rat AMs

To study the effect of HO-1 on the functional
changes of rat AMs, we determine the changes of NO
production, arginase activity, and phagocytic ability in
rat AMs. Hemin decreased NO production and increased
arginase activity and phagocytosis in LPS-stimulated
AMs (P<0.05, compared with the LPS group, Table 1),
While pretreatment with ZnPP, the specific HO-1
inhibitor significantly reversed the effects of hemin on
NO production, arginase activity, and phagocytic ability
in LPS-stimulated AMs (P<0.05, compared with the
LPS + Hemin group, Table 1).

The Levels of p38 MAPK Expression in AMs

To determine whether the effect of hemin on LPS-
stimulated AMs is mediated by a p38 MAPK signaling
pathway, we measured the levels of p38 MAPK
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Table 1. The changes of NO production, arginase activity, and phagocytic ability in rat AMs (¥ £ SD)

Group NO production (umol/l) Arginase activity (wmol urea/min) Phagocytic ability
Saline 5849 0.0162+0.0011 0.080+0.007
Hemin 92+9% 0.0308+0.0023* 0.304+0.031
LPS 460+10 0.0249+0.0017 0.313+0.009
LPS + hemin 3704+20%* 0.0306+0.0025%* 0.421+£0.061**
LPS + hemin + SB 463+12%%* 0.011240.0029%** 0.321+0.033%**
LPS + hemin + ZnPP 426+ 14%%* 0.0134+0.0029%** 0.349+0.033%**

*P<0.05 vs LPS group; **P<0.05 vs LPS group; ***P<0.05 vs LPS+hemin group

expression in AMs. AMs were incubated with hemin
(10 uM) for O min, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h,
and 24 h, respectively. The protein levels of phosphor-
ylated p38 MAPK were measured by western blot
analysis as described in the “MATERIALS AND
METHODS” section. As shown in Fig. 2, hemin
increased the phosphorylation of p38 MAPK in a
time-dependent manner (Fig. 2) and peaked at 30 min
(P<0.05 versus other groups).

P38 MAPK Mediated the Effect of Hemin on Rat
AMs

After the determination of p38 MAPK protein
level, we employed SB203580 (a specific inhibitor of
p-p38 MAPK) to investigate the effect of SB203580
on p38 MARK signal pathway in hemin-activated rat
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Fig. 2. Hemin-induced p38 MAPK phosphorylation in AMs in a time-
dependent manner. AMs were incubated with hemin (10 uM) for 0 m-
in, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h, and 24 h. The levels of
phosphorylation p38 MAPK were measured by western blot analysis as
described in the “MATERIALS AND METHODS” section. a Repre-
sentative banding from triplicate experiments was offered. b Densito-
metric analysis for levels of HO-1 protein relative to (-actin are
presented as y £ SD. n=3. *P<0.05 versus other groups.

AMs. As shown in Fig. 3, SB203580 abolished the
effect of hemin-induced HO-1 expression. In LPS +
hemin + SB203580 group, there were higher NO
production, lower phagocytic ability, and arginase
activity in rat AMs (P<0.05, versus LPS + hemin
group, Table 1). Therefore, we proposed that the
effect of hemin on the LPS-stimulated AMs might be
mediated by p38 MAPK.

The Concentration of IL-10

Because IL-10 is a major anti-inflammatory cyto-
kine secreted by AMs, we studied whether HO-1 could
increase the concentration of IL-10 in rat AMs. LPS
induced IL-10 secretion in rat AMs (P<0.05, versus
other groups, Fig. 4). No statistically significant differ-
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Fig. 3. Hemin-induced HO-1 expression via p38 MAPK pathway. A-
Ms were pretreated for 1 h with the p38 MAPK inhibitor SB203580
(1 uM) prior to LPS (1 pg/ml) and hemin (10 pM) exposure for 24 h.
Cell lysates were collected and were electrophoresed, transferred to
nitrocellulose membrane, and probed for HO-1 or {3-actin (as internal
control) expression. a Representative banding from triplicate experi-
ments was offered. b Densitometric analysis for levels of HO-1 protein
relative to (3-actin are presented as ¥ &+ SD. n=3. *P<0.05 versus LPS
group, #P<0.05 versus LPS group, §P<0.05 versus LPS + hemin group.
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Fig. 4. The levels of IL-10 in the extracellular medium of primary rat
AMs. AMs were stimulated for 24 h with saline, LPS (1 pg/ml), hemin
(10 uM), ZnPP (10 uM, 1 h prior to LPS and hemin), SB203580
(10 uM, 1 h prior to LPS or hemin), or their combination as indicated.
Culture supernatants were collected, centrifuged, and assayed for IL-10
expression by ELISA. Data are presented as the y & SD of triplicate
determination. #P<0.05 versus other groups.

ence was found between other groups. SB 203580 and
ZnPP pretreatment had no effect of IL-10 secreting on
hemin (P<0.05, versus LPS group, Fig. 4).

DISCUSSION

In the present study, we demonstrated that hemin
significantly upregulated HO-1 expression in primary rat
AMs and the pretreatment with hemin significantly
inhibited LPS-induced NO production, developed the
arginase activity, and enhanced phagocytose ability in rat
AMs. Furthermore, we showed that these effects were
markedly reversed by a HO-1 specific inhibitor, ZnPP;
we also found that p38 MAPK may be involved in the
effect of hemin on rat AMs (Fig. 5).

HO is the rate-limiting enzyme in heme catabolism,
leading to the generation of biliverdin, free iron, and
carbon monoxide (CO). Three HO isoforms (i.e., HO-1,
HO-2, and HO-3) have been identified. HO-1 (32 kDa)
is a stress-inducible protein, and HO-2 (36 kDa) is
constitutively synthesized and exists primarily in the
brain and testis, whereas HO-3 (33 kDa) is less well
characterized [12]. HO-1 and its byproducts have anti-
inflammatory, antiapoptotic, and antiproliferative effects
[13, 14]. HO-1 is highly expressed in airways induced
by oxidative stress, including hyperoxia, hypoxia,
endotoxemia, heavy metal exposure, bleomycin, diesel
exhaust particles, and allergen exposure [15-18]. HO-1
plays an important role in preventing airway inflamma-
tion. In this research, we found that hemin could
upregulate HO-1 expression, which was coincided with
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decreased iINOS activity, increased arginase activity, and
phagocytic ability. The action of hemin is HO-1 specific
because the effects were prevented by ZnPP. These data
suggested that the anti-inflammatory activity of HO-1 is
directly related to iNOS activity, arginase activity, and
phagocytic ability.

The small amount of NO produced by constitutive
NOS, including eNOS and nNOS, is an important
regulator of physical homeostasis, whereas the large
amount of NO produced by iNOS has been closely
correlated with the pathophysiology in a variety of
diseases and inflammation. Our results demonstrated the
suppressive effects of HO-1 on iNOS activity, consistent
with the previous observations [19-22]. Macrophages
metabolize arginine to produce either NO through iNOS
or ornithine through arginase producing divergent
biological effects [23]. These two cross-regulated met-
abolic processes may reflect opposite functional states of
macrophages. Basically, NO had cytotoxic and cytostatic
activity while the products of arginase pathway promot-
ed cell proliferation [24]. It has been reported that the
anti-inflammatory activity of Echinacea results in
inhibition of NO production and increased arginase
activity [25]. In this study, we also observed the opposite
regulatory effects of HO-1 on NO production and
arginase activity.

AMs, predominated by arginase pathway, contrib-
ute to scavenge debris, phagocytosing apoptotic cells
after inflammatory injury and orchestrating tissue
remodeling and repair through the production of
extracellular matrix proteins [26]. Dexamethasone in-
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Fig. 5. A schematic representation about the signal mechanism and
effect of hemin on primary rat AMs. Hemin induced HO-1 expression
via the p38 MAPK pathway, which can be blocked by SB203580 (a
specific inhibitors of p-p38 MAPK). Overexpression of HO-1 de-
creased iNOS activity, increased arginase activity and phagocytic abi-
lity, which be confirmed by ZnPP (a HO-1 inhibitor).
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creased phagocytic ability of macrophages against the
inflammation [27]. Here we found that HO-1 also
increased the phagocytic ability of AMs. So it is possible
that HO-1 may play an anti-inflammatory role by
increasing phagocytic ability of AMs.

The stress-activated kinases of the p38 MAPK
family are serine—threonine kinases that are activated by
environmental stresses such as heat, UV irradiation, or
osmotic stress and various pro-inflammatory and stress-
ful stimuli [28, 29]. P38 MAPK has multiple roles in
innate immune responses. Numerous researches indicat-
ed that p38 MAPK was involved in pro-inflammatory
reaction and would be a potential therapeutic target for
the inflammatory disease [30]. But p38 MAPK also had
anti-inflammatory reaction in macrophages [31-33].
Several studies revealed that HO-1/CO exhibited anti-
inflammatory and antiapoptotic functions partly mediated
by the activation of p38 MAPK [34-36]. In this research,
we found that the protective role of HO-1 could be p38
MAPK dependent in rat AMs.

IL-10 is an important anti-inflammatory cytokine of
AMs. IL-10 induces the expression of HO-1 in murine
macrophages and human macrophages [37]. Moreover,
HO-1 mediated the anti-inflammatory effect of interleu-
kin-10 in mice [38]. Here we found that HO-1 induction
did not increase the content of IL-10 in primary rat AMs,
suggesting that HO-1 and its products (biliverdin, free
iron, and carbon monoxide) could play anti-inflamma-
tory roles independent of IL-10.

In conclusion, we have demonstrated that in vitro
hemin significantly increased HO-1 expression, which in
turn enhanced HO-1 expression, decreased NO produc-
tion, increased the arginase activity, and improved
phagocytic ability in LPS-stimulated rat AMs. These
effects of hemin on rat AMs may be mediated by HO-1
induction and associated with activation of p38 MAPK.
These findings support the concept that HO-1 upregula-
tion in AMs is an anti-inflammatory mechanism.
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